Bathycoccus and Ostreococcus are broadly distributed marine picoprasinophyte algae. We enumerated small phytoplankton using flow cytometry and qPCR assays for phylogenetically distinct Bathycoccus clades BI and BII and Ostreococcus clades OI and OII. Among 259 photic-zone samples from transects and time-series, Ostreococcus maxima occurred in the North Pacific coastal upwelling for OI (36 713 6 1485 copies ml 21 ) and the Kuroshio Front for OII (50 189 6 561 copies ml
Introduction
Prasinophytes are green algae that are present in many marine environments. Members of the class Mamiellophyceae are particularly widespread and include both picoplanktonic (<2 mm diameter) and larger genera. Early 18S rRNA gene clone libraries from the picoplankton size class contained numerous sequences from the Mamiellophyceae Bathycoccus, Micromonas and Ostreococcus (Guillou et al., 2004; Worden, 2006; Massana, 2011) . Mamiellophyceae were also present at all 47 sites sampled during Tara Oceans based on 18S rRNA V9 amplicon data (de Vargas et al., 2015) and comprised a large fraction of photic-zone amplicons in two polar studies (Monier et al., 2014; Metfies et al., 2016) . Cell abundances of these Mamiellophyceae taxa have been compared by FISH and qPCR in mesotrophic or coastal Countway and Caron, 2006; Collado-Fabbri et al., 2011) and oligotrophic (Zhu et al., 2005; Not et al., 2008; Treusch et al., 2012; Gomez-Pereira et al., 2013) environments. High abundance has been documented in more nutrient rich environments, and in oligotrophic systems peak abundances appear to be related to periods when nutrient levels are higher-for example, springtime in the Sargasso Sea-and then decline to low or undetectable numbers when the water column is strongly stratified (Treusch et al., 2012) . A summary of this literature indicates that Ostreococcus is restricted to temperate and tropical waters, while Bathycoccus and Micromonas are present from low to high latitudes, including polar seas.
Understanding the dynamics of Bathycoccus, Micromonas and Ostreococcus is complicated by the fact that each genus contains several species and/or phylogenetically distinct clades. Comparative genomics and evolutionary analyses underscore the differences between clades (Moreau et al., 2012; van Baren et al., 2016) . The Micromonas genus exhibits the most genetic diversity and has seven distinct clades, two of which have genomesequenced representatives (van Baren et al., 2016) . Ostreococcus has four clades based on the 18S rRNA gene, all of which contain cultured representatives with sequenced genomes: Ostreococcus lucimarinus (Ostreococcus clade A), Ostreococcus sp. RCC809 (clade B), Ostreococcus tauri (clade C) and Ostreococcus mediterraneus (clade D) (Guillou et al., 2004; Subirana et al., 2013) . Bathycoccus and Ostreococcus are evolutionarily closer to each other than to Micromonas, and both are non-motile, unlike other prasinophytes including Micromonas. Bathycoccus is more akin to most other prasinophytes in having scales, which both Ostreococcus and Micromonas lack. All Bathycoccus cultures and environmental sequences obtained thus far have identical 18S rRNA genes, unlike the various Micromonas and Ostreococcus clades (Guillou et al., 2004; Monier et al., 2013) .
Despite initial consideration as a single species, Bathycoccus prasinos, flow cytometric targeted metagenome studies demonstrated diversity in ITS2-5.8S sequences and other genes, leading to the hypothesis that at least two Bathycoccus ecotypes exist (Monier et al., 2012; Vaulot et al., 2012; Monier et al., 2013) . Subsequent analyses of single-copy homologous genes (ecomarkers) in targeted metagenomic/metatranscriptomic data and the sequenced genome of B. prasinos strain RCC1105 (Moreau et al., 2012) showed that two Bathycoccus types exist with 82 6 6% nucleotide identity across homologs (Simmons et al., 2016) . In contrast, homologs from Ostreococcus clade OI and OII ecotypes, corresponding to Ostreococcus clades A and B, respectively, displayed 75 6 8% nucleotide identity. Likewise, comparison of a more recent targeted metagenome assembly of a wild Bathycoccus population and the RCC1105 genome also led to the conclusion that two types exist (Vannier et al., 2016) . These two recent omic-based studies also mapped reads to the respective wild and cultured genome assemblies, leading to the suggestion that the two Bathycoccus clades, BI and BII, have largely non-overlapping distributions (Simmons et al., 2016; Vannier et al., 2016) akin to patterns established previously for Ostreococcus OI and OII using more quantitative methods, specifically qPCR (Demir-Hilton et al., 2011) . Ostreococcus clade OI was observed in cooler, coastal locations while clade OII was observed in warmer offshore waters throughout the water column, except during periods of stratification when it was localized to the Deep Chlorophyll Maximum (DCM) (Demir-Hilton et al., 2011) . Additionally, the OI and OII clades co-occurred only at frontal locations where physical mixing occurs between more coastal and oligotrophic waters. Thus, the Ostreococcus clades represent ecotypes adapted to mesotrophic (OI) and oligotrophic (OII) conditions (Demir-Hilton et al., 2011; Clayton et al., 2017) .
We set out to test whether the proposed BI and BII groups exhibit abundance distributions like Ostreococcus, where the OI and OII clades rarely overlap except in dynamic frontal regions (Demir-Hilton et al., 2011; Simmons et al., 2016; Clayton et al., 2017) . To this end, we developed qPCR assays that resolve Bathycoccus ITS clades that have identical 18S rRNA gene sequences. Clone libraries that recovered the ITS1/5.8S/ITS2 regions of the rRNA transcriptional unit were constructed and sequenced from four sites and three cultured strains to improve phylogenetic resolution. We then quantified and compared BI, BII, OI and OII in samples from several regions of the North Pacific Ocean, the tropical Atlantic and two time-series sites, Station ALOHA near Hawaii and Station M1 in Monterey Bay. The abundance and distributions of these four Mamiellophyceae groups were analysed in the context of available environmental data and eukaryotic phytoplankton cell abundances enumerated by flow cytometry. The results demonstrate that clades BI and BII overlap more frequently than the two Ostreococcus ecotypes. However, the two Bathycoccus clades represent ecotypes with distinct biogeographies and have molecular differences that suggest clade BII is a separate species from B. prasinos. Moreover, our quantitative cell abundance data indicates that recent 18S rRNA V9 ampliconbased studies underestimate the importance of these taxa in the open-ocean.
Results

Bathycoccus and Ostreococcus ITS phylogeny
Environmental ITS1/5.8S/ITS2 clone libraries rendered Bathycoccus sequences from the tropical Atlantic, tropical Pacific, Kuroshio Front and Monterey Bay, and Ostreococcus sequences from all but Monterey Bay (Fig. 1A , Table  1, Supporting Information Table S1 ). Sequences were also recovered from Micromonas (Supporting Information Table  S1 ) and other algae. Our maximum-likelihood phylogenetic analyses resolved two Bathycoccus clades (100% bootstrap support; Fig. 1B ). The overall topology was similar to a prior reconstruction for Mamiellophyceae (Marin and Melkonian, 2010) , except the latter had just one Bathycoccus clade. In that study, only cultured taxa with deposited sequences were included, whereas we sequenced and analysed environmental clone libraries as well as isolates from the Indian Ocean (RCC715 and RCC716) expanding the repertoire of prasinophyte ITS sequences available at that time. Monterey Bay Bathycoccus ITS sequences had on average 99% nucleotide identity to B. prasinos RCC1105, a coastal Mediterranean isolate. The Indian Ocean isolates and most sequences from the other sites belonged to a separate clade, for which average ITS nucleotide identity to RCC1105 was 95%. The Bathycoccus clade containing B. prasinos RCC1105 is hereafter referred to as 'clade BI' and the other clade as 'clade BII', according to a previous proposal (Simmons et al., 2016) .
In addition to phylogenetic differences, we observed structural differences between the BI and BII ITS sequences (Supporting Information Fig. S1a, b) . For example, in the ITS2 of BII sequences universal Helix 1 was extended by an extra 7 base pairs, comprised of 2 G-C and 5 A-U from position 635 to 651 of environmental clone TAM24 (KY368638), along with a minimal 3 nt loop (Supporting Information Fig. S1c) , following base pair 8 of B. prasinos (e.g., CCMP1898, RCC1105 and BI environmental clones) Helix 1. Helix 2 also exhibited differences as did the additional helix specific to the family Bathycoccaceae (Marin and Melkonian, 2010) between universal Helices 3 and 4 (Supporting Information Fig. S1d ), as well as universal Helix 4. Differences between BI and BII and from other members of the class Mamiellophyceae were also observed in the ITS1 (e.g., Supporting Information Fig. S2 ).
Electron microscopy of Bathycoccus and Ostreococcus clades
Given the distinctive clades of Bathycoccus and Ostreococcus and the fact that ultrastructural information was not available for BII and OII isolates, we used Quick-Freeze Deep-Etch (QFDE), thin-section and negative-stain electron microscopy to look for characteristic traits and potential distinguishing features. Our phylogenetic analyses demonstrated that RCC715 and RCC716 were members of the BII clade (Fig. 1B) , although earlier this clade was thought to be uncultured, providing candidate strains for BII imaging. The cytoplasmic organization and organelle morphology of the four clades (OI, OII, BI and BII) proved to be indistinguishable ( Fig. 2A-D) . A single mitochondrion, only infrequently displaying cristae, lies between the basal cup-shaped chloroplast and the anterior sausage-shaped nucleus, as evident in prior thinsectioned preparations of B. prasinos, O. tauri and O. lucimarinus (Eikrem and Throndsen, 1990; Chretiennot et al., 1995; Worden et al., 2004) . Each BI and BII nucleus carries 2-3 closely spaced nuclear pores (e.g., Fig. 2E ) that have not been reported previously in these taxa apart from O. tauri (Henderson et al., 2007) . The stacked thylakoid membranes displayed, as expected but not also previously reported in picoprasinophytes, large intramembranous particles associated with photosystem II (Goodenough and Staehelin, 1971) (Fig. 2H ). One notable difference was that the etched outer surface of the OII cell membrane carried knob-like protuberances absent from the other three taxa (Supporting Information Fig. S3a-c) .
The scales of both Bathycoccus clades form overlapping layers on the cell surface ( Fig. 2I and Supporting Information Fig. S3d-f) . Scale size and organization were indistinguishable between BI and BII (Fig. 2K and L and Supporting Information Fig. S3g ). Images of the Golgi apparatus (Fig. 2F and G) showed no evidence of scales in the cisternae or vesicles, nor were secretion pores present. Instead, embossed scales (boxed, Fig. 2I ) were observed beneath the cell membrane, as was a naked scale that was exposed, via fracture, just beneath the cytoplasm-facing P-face of the cell membrane (boxed, (bold) . The cultured isolate RCC716 sequence here is identical to that present in a targeted metagenome assembly TOSAG39-1 (accession LT667520) (Vannier et al., 2016) , but different from that of the tropical Atlantic BII targeted metagenome (shown) from (Monier et al., 2012) . OI and OII correspond to naming of clades and distributions determined by qPCR in (Demir-Hilton et al., 2011; Simmons et al., 2016; Clayton et al., 2017) . Numbers at nodes represent percent of 1000 bootstrap replicates in the order RaxML/ PhyML. Fig. 2J ). In flattened negatively stained images, the eight projections from the central hub of the scale are coplanar, but in QFDE replicas, the scales often adopt a cupped configuration (Supporting Information Fig. S3g and h) such that four of the eight are more prominent, generating an Xshape ( Fig. 2K and Supporting Information Fig. S3d ).
Temporal dynamics of Bathycoccus and Ostreococcus clades by qPCR
We investigated temporal changes in the abundance of the Bathycoccus and Ostreococcus clades at Station M1 in Monterey Bay and Station ALOHA in the North Pacific Subtropical Gyre. Primer-probe sets to individually quantify clade BI and clade BII were designed based on the observed differences between environmental and culture ITS sequences and specifically targeted the ITS1 (Supporting Information Tables S2 and S3 and Figs S2 and S4) . These were implemented alongside established Ostreococcus OI and OII 18S rRNA gene qPCR assays (Demir-Hilton et al., 2011) and hereafter data from the Bathycoccus and Ostreococcus primer-probe sets is provided as rDNA copies ml 21 for simplicity.
The Monterey Bay study spanned March to November 2014 (11 sampling dates). Surface (<5 m) temperatures were lowest (11.48C) in early May when salinity, chlorophyll a and surface concentrations of NO were maximal, indicating the influence of winddriven coastal upwelling (Fig. 3, Supporting information) . Thermal stratification increased during summer as surface temperatures increased from 13.68C (10 July) to a peak of 17.38C (22 September). Longer-term observations show surface temperatures rarely exceeding 158C during late summer and autumn (Pennington and Chavez, 2000) , but our study included an anomalously warm patch of water (Bond et al., 2015) . This resulted in abnormally low nutrient concentrations, where NO declined from a maximum (1.4 mM) on 5 May to a minimum (0.2 mM) on 29 October (Supporting information). Decreased salinity between July and late October reflected shoreward movement of warmer, low salinity California Current waters.
Bathycoccus and Ostreococcus qPCR results showed differential temporal distributions in Monterey Bay during the study period (Fig. 3) . The two depths analysed, surface (0-5 m) and the base of the wind-mixed surface layer (10-20 m), and chlorophyll maximum if present, trended together over time. Clade BI was detected throughout the study and was most abundant in October and November, peaking at 8444 6 529 rDNA copies ml 21 (20 m, 20
November). Clade BII was only detected between August and November, with lower overall abundance than BI (p < 0.0001) and a peak of 775 6 71 rDNA copies ml
21
(20 m, 20 November). Clade OI was also present throughout the entire study period, but showed higher abundances in spring and summer, with a maximum of 18 033 6 1260 rDNA copies ml 21 (19 June). Clade OII was only detected between August and November and did not exceed 50 rDNA copies ml
. Temperature was significantly higher (15.78C 6 1.08C, n 5 7) in samples where BII was detected, than where it was absent (13.48C 6 2.08C), and salinity was lower in BII containing samples due to intruding California Current waters (p < 0.05). Additionally, NH 1 4 (0.06 6 0.08 mM), NO 2 3 (1.22 6 2.29 mM) and N:P ratios of the dissolved pool (1.35 6 1.88) were lower (p < 0.05) than in samples where BII was absent (NH 1 4 , 0.25 6 0.25 mM; NO 2 3 , 4.57 6 3.26 mM; and N:P ratio 4.59 6 2.56). Results were similar for OII, which was present in 7 samples, 6 of which also contained BII (Fig. 3) .
Station ALOHA samples were collected on 10 dates between July 2011 and August 2012. Over this period, strong thermal stratification in the photic-zone (<200 m) weakened only in the winter months (Fig. 4) . Sea surface temperatures varied from a maximum of 26.38C (September 2011) to a minimum of 23.08C (March 2012). The DCM was located between 100 m and 150 m in depth. (0.09 6 0.05 mM) concentrations were low at the surface (5 m, Supporting Information). Neither BI nor OI were detected at ALOHA, whereas BII and OII were present year-round. Clades BII and OII were present at low abundance at depths 50 m from November to May and were below detection limits at these depths during warmer, strongly stratified periods (Fig. 4) . Maximum abundance tended to coincide with the depth of the DCM. Peak abundances were comparable, with 1146 6 135 rDNA copies ml 21 (BII) Higher-magnification views of BII show E. three nuclear pores, F., G. the Golgi apparatus and H. chloroplast. In the latter, large intramembranous particles containing photosystem II (arrow), and cross-fractured single thylakoids (*) are visible. Scale bars of A-H: 100 nm. I., J. Scale system of clade BII. I. P-fracture face of cell membrane in center, surrounded by scales exposed by etching. Embossed scales beneath the membrane are boxed. Scale bar: 250 nm. J. P-fracture face of cell membrane; in boxed area, fracture has dipped down into cytoplasm to expose a naked scale. Scale bar: 100 nm. K. Negatively stained and L. deep-etched scale(s), scale bars: 50 nm. The following strains were imaged: B. prasinos CCMP1898 (BI), RCC716 (BII), O. lucimarinus (OI) and O. RCC809 (OII). Abbreviations: c, chloroplast; er, endoplasmic reticulum; g, Golgi apparatus; m, mitochondrion; mi, microbody; n, nucleoplasm; ne, nuclear envelope; st, starch.
and 1067 6 52 rDNA copies ml 21 (OII). However, these maxima occurred at different times, with BII's peak abundance occurring as the DCM shallowed just prior to the weak winter mixing period (100 m, 4 November 2011), while OII's peak occurred deeper in the photic-zone (150 m) as thermal stratification strengthened in spring (30 May 2012). PO 32 4 concentrations were not significantly different in samples where BII and OII were present (0.1 6 0.04 mM) versus not detected (0.09 6 0.04 mM). However, NO 2 3 concentrations were significantly higher where these taxa were present compared with depths where they were not detected (0.36 6 0.54 and 0.02 6 0.01 mM, respectively, p < 0.01, Supporting Information Table S4 ). This suggests that their persistence deep in the photic-zone (Fig. 4) is driven by nutrient availability, particularly nitrogen or co-associated variables.
Biogeography of Bathycoccus and Ostreococcus clades
To broaden results from the temporal studies at Station M1 and Station ALOHA, we examined samples from a transect cruise (WFAD09) along the California Cooperative Oceanic Fisheries Investigations Line-67, a cruise (GOC12) beginning in Monterey Bay and transiting southward along the North American coast to tropical waters, and additional samples from cruises along Line-67, Line-P, in the Kuroshio Front region and the tropical Atlantic (Fig. 1, Table 1 , Supporting Information). Along the Line-67 transect from coastal Monterey Bay southwestward, crossing the core of the California Current to 800 km offshore at the edge of oligotrophic North Pacific Subtropical Gyre, BI decreased moving westward. BII abundances were comparable between the transition zone (stations 67-65 and 67-95) and oligotrophic (stations 67-145 and 67-155) stations and this clade was not detected only in Monterey Bay (5 km from shore, Fig. 5 ). Clades OI and OII overlapped less frequently than BI and BII. OI was present at a maximum of 14 027 6 548 rDNA copies ml 21 near the coast and in the transition zone, but was not detected farther offshore, while OII was reported at the two most oligotrophic stations in the DCM (maximum abundance 72 6 3 rDNA copies ml
21
, 100 m depth) but otherwise was found only at the westward edge of the transition zone (station 67-95) (Simmons et al., 2016) .
The GOC12 cruise transected the cool, upwellinginfluenced waters of Monterey Bay through warmer waters (up to 24.28C) 200 km south of Baja California, Mexico. Nutrient concentrations were upwards of 4.48 mM NO ITS/18S copies ml 3 ) and to 0.28 mM PO 32 4 to the south (Supporting Information). Both picoprasinophyte genera were detected at every station sampled, and the four clades co-occurred over a large region (Supporting Information Fig. S5 ). However, BI and OI were not detected at the oligotrophic southernmost station, and BII and OII were not detected at the two northernmost stations closer to Monterey Bay. Ratios of BI:BII, or OI:OII, in WFAD09 and GOC12 samples where both clades co-occurred (53 out of 74 total) trended negatively with depth and phosphate concentrations (Supporting Information Fig. S6) .
In other samples, clade abundances varied in a manner consistent with results from the time-series studies and transects above. Clade BII and clade OII were not detected along Line-P, while BI and OI abundances increased from 803 and 625 rDNA copies ml 21 at coastal Station P1 to 10 667 and 35 797 rDNA copies ml 21 at offshore Station P6, respectively. BI abundance declined at the most westward station (P8, 1405 6 73 rDNA copies ml
) where OI abundances were an order of magnitude greater (13 766 6 1843 rDNA copies ml 21 ) than BI. Cruises CANON11, S410 and MV1405 (Table 1) were dominated by BI and OI, while BII and OII were detected at the southern most station sampled during MV1405, in the region of the anomalously warm patch. In the Kuroshio/Oyashio Frontal zone both Bathycoccus clades were found, with maxima of 1751 rDNA copies ml 21 (BI) and 2662 rDNA copies ml 21 (BII). High OII abundances (50 189 rDNA copies ml
) occur here, while OI was also present but less abundant (Clayton et al., 2017 was below detection limits (<0.01 mM, 61 m depth), and neither OI nor BI were detected. These results illustrate a general trend: OI and BI are present in cooler, lower salinity waters that ranged here from 7.88C to 24.18C (OI) or 25.2 (BI), while OII and BII are present in warmer, higher salinity waters that ranged in our samples from 11.38C to 27.38C (OII) and 9.98C to 28.98C (BII) (Fig. 6 , Supporting Information). Additionally, both OII and BII were found in highly stratified systems and peak abundances appeared to track the nutricline.
Statistical analyses using data from across multiple regions
Additional statistical tests using qPCR and environmental data examined trends in the 230 samples where at least one clade of Bathycoccus or Ostreococcus was detected and the metadata matrix criteria were met. The complete sample set was skewed towards surface and coastal samples and, given the breadth of environments sampled, associations with depth also reflect differences in water column structure, irradiance, nutrient availability and other factors. Additionally, NO concentrations (q 5 0.58 and q 5 0.51, respectively), while clades BII and OII were negatively correlated with inorganic nutrients (for PO 32 4 , q5 20.30 and q5 20.44, respectively) due to their more frequent presence in oligotrophic habitats. Significant positive correlations were observed for BII and depth (Spearman's correlation q 5 0.25) and between OI and chlorophyll a concentrations (q 5 0.49). Temperature and salinity were negatively correlated with abundance of BI (q520.65 and q5 20.76) and OI (q5 20.63 and q5 20.65), reflecting their presence in the relatively cool, lower salinity waters of the Northeast Pacific, California Current System and upwelling-influenced coastal environments (Fig. 6 , Supporting Information Table S5 ). In contrast, abundances of BII (q 5 0.43 and q 5 0.42) and OII (q 5 0.57 and q 5 0.61) were positively correlated with temperature and salinity, reflecting their distributions in tropical, subtropical and warmer temperate environments (Fig. 6 , Supporting Information Table S5 ).
Multivariate transformation of physicochemical parameters was also combined with a clustering analysis to define habitat types. K-means clustering partitioned samples into three groups (Supporting Information Fig. S7 ) which were then used to bin qPCR abundance data and further describe the biogeography of each clade. Cluster 1 was dominated by clades BII and OII and contained samples from the North Pacific Subtropical Gyre and tropical Atlantic (latitudinal range: 28 to 368N), typically characterized by warm (23.18C 6 2.08C), nutrient-poor (0.51 6 0.67 mM NO 2 3 and 0.11 6 0.09 mM PO 32 4 ), stratified, deep photiczone environments like Station ALOHA (Supporting Information Fig. S7 ), In addition, samples collected from the Kuroshio/Oyashio frontal region also grouped with Cluster 1. BI and OI were not detected in Cluster 1 except for some Kuroshio samples. Clusters 2 and 3 contained higher abundances of BI and OI than Cluster 1. They also partitioned temperate samples (latitudinal range: 218 to 498N) into regions where the concentration of previously abbreviated as NO 3 2 and the N:P ratio were relatively higher (Cluster 3) or lower (Cluster 2). Among the three clusters, Cluster 2 had the highest median abundances of both BI and OI (Supporting Information Fig. S7 ).
Contributions of Bathycoccus and Ostreococcus to eukaryotic phytoplankton
Flow cytometry data were analysed for 190 samples from below 378N (none were available from higher latitude samples). Eukaryotic phytoplankton enumerated by flow cytometry averaged from 1000 6 245 cells ml 21 annually in ALOHA surface samples to 20 983 6 6038 ml 21 in mesotrophic water columns ( are two copies of the rRNA transcriptional units. Therefore, we presumed that qPCR derived abundances reflect twice the cellular abundances of the taxa studied. Contributions of Bathycoccus and Ostreococcus varied substantially from site to site, but overall averages were similar (Table 2) . Together these two genera comprised around 20% of eukaryotic cells in the Monterey Bay samples and mesotrophic waters. At ALOHA, surface contributions were minimal but they comprised 34 6 13% of the DCM eukaryotic phytoplankton, and 24 6 17% throughout the water column during winter mixing (Table 2) .
Discussion
Distinct niches of the Ostreococcus OI and OII ecotypes have been established using quantitative methods for enumeration in the field (Demir-Hilton et al., 2011; Simmons et al., 2016; Clayton et al., 2017) , whereas the idea that , or the two Bathycoccus, and have yet to be evaluated in the context of abundance data generated by quantitative methods. These amplicon data have been used to infer which green algal taxa dominate in the open ocean, specifically observing that Mamiellophyceae contribute only 1.8% of total photosynthetic sequences and that other prasinophytes, that have fourfold higher relative amplicon percentages, are therefore the dominant group (Lopes Dos Santos et al., 2016). Here, we performed a quantitative enumeration of BI and BII and analysed these in the context of OI and OII abundances and eukaryotic phytoplankton cell counts. Alongside phylogenetic and ultrastructural analyses, our studies establish distributional patterns of these taxa and estimate contributions in different marine regions. The results provide new insights into differentiation and ecological importance of these picophytoplankton that differ from conclusions based purely on omic or amplicon-based relative abundances.
Phylogenetic relationships and ultrastructural features
Consistent with a prior study (Monier et al., 2013) , analyses of environmental sequences of the ITS1/5.8S/ITS2 (with partial 18S and 28S sequence) documented two statistically supported Bathycoccus clades (Fig. 1B) . ITS divergence is linked to sexual incompatibility in eukaryotes (Coleman, 2009) ; hence, the presence of indels in BI and BII ITS sequences and various structural differences (e.g., Supporting Information Fig. S1 ) could reflect sexual incompatibility (if they prove to be sexual) as a mechanism underlying speciation. This raised the question of whether there are ultrastructural differences between the two Bathycoccus clades or the two Ostreococcus clades, given that neither BII (e.g., RCC716) nor OII (O. sp. RCC809, Clade B/OII) appear to have been characterized by electron microscopy, and few images exist for O. lucimarinus (Clade A/OI) (Worden et al., 2004) . The Ostreococcus clade OI and OII representatives imaged here (O. lucimarinus, Ostreococcus sp. RCC809) are more widespread in marine environments than the Clade C (O. tauri) and Clade D (O. mediterraneus) that have been comprehensively imaged.
Moreover, the QFDEEM method eliminates potential artefacts introduced by standard TEM methodologies used in prior Mamiellophyceae studies (Eikrem and Throndsen, 1990; Chretiennot et al., 1995; Worden et al., 2004; Subirana et al., 2013) . Thus, QFDEEM allowed intramembranous particles of the thylakoid interiors to be visualized and revealed details of Bathycoccus fine structure, such as nuclear pore morphology, that had not been resolved in published TEM on this organism.
QFDEEM documented strong similarities in the cellular organization and organelle ultrastructure of the four clades studied. Moreover, scale morphology was indistinguishable between BI and BII, as well as a Bathycoccus prasinos strain (Eikrem and Throndsen, 1990) , and another Mamiellophyceaen, Mantoniella squamata (Moestrup, 1990) . Hence, the environmental preferences of each clade documented here are not obviously reflected by differences in fine structure. One observation of interest relates to scale formation. In larger prasinophytes such as Pyramimonas (Moestrup and Walne, 1979) and Cymbomonas (Moestrup et al., 2003) , scales are readily detected in the cisternae of hypertrophied Golgi apparati and in secretory vesicles, whereas no scales are evident in the cisternae of the minimal Golgi stacks of Bathycoccus (Fig. 2F and G) or Mantoniella, nor are secretory vesicles. Instead, we observed embossed scales beneath the Bathycoccus membrane and a naked scale just under the cell membrane ( Fig. 2I and J) , suggesting that the scales may assemble on the inner face of the cell membrane and move through the bilayer to the exterior.
Different ecotype distributional patterns and environmental influences
Using our new qPCR assays for quantifying ITS1 sequences from clades BI and BII alongside pre-existing assays for OI and OII, we found that the majority of photic-zone samples contained Bathycoccus, Ostreococcus or both. Clade BI and clade OI were associated with cooler temperatures, lower salinity and higher nutrient conditions that typically occur in more coastal (shallower) photic-zones (Supporting Information Fig. S7 ). In contrast, clade BII and clade OII were found in more oligotrophic environments with warmer temperatures, higher salinity, lower nutrients, deeper photic-zones and lower chlorophyll concentrations. Given the extensive geographic overlap and cooccurrence of clade BI and clade OI, we conclude that they both represent ecotypes adapted to mesotrophic environmental conditions.
Overlapping distributions were also observed between clade BII and clade OII. However, there are important biogeographical differences between the clades of each genus. BI and BII were observed at a wider range of conditions and overlapped in a greater number of samples (85 samples) than OI and OII (overlapping in 42 samples). This suggests that while OII is adapted to oligotrophic conditions found in oceanic settings (apart from oligotrophic surface waters in strongly stratified water columns), BII tolerates a wider range of environmental conditions. The broader co-existence between Bathycoccus clades is consistent with the fact that they are less evolutionarily divergent than Ostreococcus clades (Simmons et al., 2016) , and have greater overlap in their ecological niches.
Regions where Bathycoccus and Ostreococcus ecotypes co-occurred also revealed important factors with respect to variables that might drive distributions of these algae. Clades BII and OII were found at relatively high abundances over a range of depths, from the surface (e.g., Kuroshio Front, and less stratified periods at ALOHA) to 175 m, the maximum depth sampled at ALOHA, suggesting they are not deep-adapted (see, e.g., (Rodriguez et al., 2005) ) but instead 'light-polyvalent' ecotypes. Depth, temperature and salinity were negatively correlated with abundance of BI and OI, while phosphate and nitrate concentrations, as well as chlorophyll a (OI only) were positively correlated (Supporting Information Table S5 ). The directionality of these correlations was reversed for BII, except chlorophyll a for which the correlation was not significant, and for OII, where several relationships were not significant. For BII and OII, the k-means clusters provided a more robust sense of environmental conditions where these two taxa appear to thrive (Supporting Information Fig. S7 ).
Our MBTS study period serendipitously captured a strong warm anomaly that brought record high sea surface temperatures. This anomalous warm patch appeared in the Northeast Pacific at the end of 2013, moved eastward towards the North American coast during May to September 2014 (Bond et al., 2015) , and persisted into 2015. It resulted in an expansion of warm subtropical conditions, characterized by low surface concentrations of chlorophyll a, in much of the eastern North Pacific Ocean alongside a deepening of the nutricline and subsurface chlorophyll maximum in the California Current System (Whitney, 2015; Zaba and Rudnick, 2016) . These conditions were speculated to have caused reduced primary production. In the MBTS dataset, this anomaly was accompanied by a decrease in nutrient standing stocks and a shift from OI to BI as the dominant clade, and the appearance of OII and BII. Prior studies have not reported OII or BII in Monterey Bay or nearby (Demir-Hilton et al., 2011; Ottesen et al., 2013; Simmons et al., 2016) , nor were they present in our Monterey Bay samples from other years. BII reached a maximum (775 6 71 rDNA copies ml
21
) at the end of this period while OII remained very low in abundance (49 6 40 rDNA copies ml
). The fact that the appearance of BII and OII coincided with the arrival of the warm patch is consistent with the association of these clades with warm, low-nutrient conditions, and suggests that the anomaly triggered changes in Mamiellophyceae community structure. Prior to the warm anomaly, BI and OI abundances were lowest in Monterey Bay on 5 May when the influence of wind-driven coastal upwelling was strongest, as indicated by cooler sea surface temperatures, and higher nutrient and chlorophyll a concentrations, which favours diatoms in this locale. Low photosynthetic picoeukaryote abundances have been reported off the coasts of Oregon and Chile during similar periods of strong upwelling (Sherr et al., 2005; Collado-Fabbri et al., 2011) . Here, as the nutrient-rich water column exhibited more stratification (June), OI bloomed to its maximum while BI abundance remained low (31 6 6 rDNA copies ml 21 ; Fig. 3 ). These results emphasize that each of these picoprasinophyte clades respond to different environmental conditions, or are potentially grazed or lysed by viruses at differential rates.
In contrast to MBTS, Station ALOHA displayed less environmental variability, characteristic of its location in the oligotrophic North Pacific Subtropical Gyre. BII and OII persisted year-round in the DCM and were observed in the surface layer during and just following enhanced windmixing (Fig. 4) . Their maximum abundances occurred during and after the winter wind-mixing period, in agreement with observations from the Sargasso Sea where timing of prasinophyte blooms appeared to be triggered by deep winter mixing events (Treusch et al., 2012) . However, during strongly stratified periods in the Sargasso Sea, Ostreococcus disappeared from the water column and only Bathycoccus was detected by 18S qPCR. In comparison, at Station ALOHA where phosphate concentrations are never as low as those in the Sargasso Sea, BII and OII were observed at relatively high abundances in the DCM throughout the stratified summer months (Fig. 4) . As oligotrophic gyres cover vast regions of the planet and support considerable marine primary production (Chavez et al., 2011) , the general persistence of Clade II Ostreococcus, and especially Bathycoccus, in gyre habitats suggests these organisms contribute to primary production throughout the year.
These overall distributional and molecular differences support delineation of the Bathycoccus clades BI and BII at the species level, as already determined for the Ostreococcus clades (e.g., Simmons et al., 2016) . BI is represented by B. prasinos (Eikrem and Throndsen, 1990) and was detected here in samples ranging from 88C to 258C and salinities of 30 to 35 ppt, but not in our more open-ocean samples. The BII species is represented by the environmental clones sequenced here, targeted metagenomic assemblies published in Monier et al., 2012 and Vannier et al., 2016 , ecomarkers defined in Simmons et al., 2016 . It is present in warm oligotrophic ocean gyres, with peak abundances typically in well-developed deep- chlorophyll maxima or throughout the photic zone during mixing periods. It overlaps with B. prasinos, but extends to warmer, saltier waters ranging from 108C to 298C and 33 to 36 ppt among samples analysed here. Finally, nutrient standing stocks were also lower in waters inhabited by BII and OII (Supporting Information Fig. S7 ), warranting further experimentation on factors that contribute to niche differentiation between the four clades studied here.
Significant contributions to eukaryotic phytoplankton
Bathycoccus and Ostreococcus comprised 34 6 13% of eukaryotic phytoplankton cells enumerated by flow cytometry at the Station ALOHA DCM, and ranged up to 27% in tropical Atlantic cruise samples (Table 2 ). These estimates lack contributions from Micromonas, which was not enumerated here, and for which there are not yet qPCR assays available that distinguish between its seven clades. This third common Mamiellophyceae genus has been reported at up to 700 cells ml 21 in the open-ocean (Treusch et al., 2012) and higher abundances in coastal environments (10 000 cells ml
21
, see for example; Collado-Fabbri et al., 2011). Assuming the genomesequenced representatives of the Mamiellophyceae accurately reflect the rRNA-transcriptional-unit copy numbers (i.e., two copies) across the members of each clade analysed herein, our results contrast with conclusions drawn from relative abundances derived from 18S V9 rRNA amplicon data, particularly for the DCM. Mamiellophyceae formed only 1.8% of the total photosynthetic sequences in Tara Oceans data (Lopes Dos Santos et al., 2016) . In Tara pico/nano-planktonic size-fractionated (<5 mm) DCM samples, Mamiellophyceae comprised 7% of photosynthetic eukaryote sequences and 11% in Ocean Sampling Day surface data, which comes largely from coastal sites where Mamiellophyceae are often highly abundant based on FISH and qPCR data (Worden and Not, 2008; ColladoFabbri et al., 2011; Massana, 2011; Simmons et al., 2016) .
Interpretation of amplicon-based relative abundances is complicated by large variations in 18S rRNA gene copies among eukaryotes (Prokopowich et al., 2003; Godhe et al., 2008) as well as potential primer biases. While genome-sequenced representatives of the Mamiellophyceae analysed here have two rRNA gene (and ITS) copies, copy numbers in larger eukaryotes vary by orders of magnitude and a documented correlation exists between eukaryotic phytoplankton cell size and copy number (Zhu et al., 2005; Godhe et al., 2008) . Thus, the extent to which amplicon-based percent contributions reflects organismal abundances is often unclear and this issue is exacerbated when comparing across different phyla. In the samples investigated here, seasonal and site-to-site variations in both eukaryotic cell counts and those of Bathycoccus and Ostreococcus were large (with low technical variation for each measurement), making the consistent, temporally-resolved sampling at the time-series sites exceptionally valuable for determining trends and taxon contributions. Overall, Bathycoccus and Ostreococcus together averaged around 20% of the eukaryotic phytoplankton, except in open-ocean surface waters during stratified periods when contributions were much lower (Table 2) .
Conclusions
We have demonstrated distinct biogeographies for Bathycoccus and Ostreococcus ecotypes that appear to partition at the species level. We show that the OI and BI ecotypes, represented by O. lucimarinus and B. prasinos, respectively, are present in cooler, mesotrophic ecosystems. In contrast, the BII ecotype, which awaits formal description as a species, is present in warm oligotrophic waters, but has an expanded temperature range relative to OII (represented by O. sp. RCC809) because it extends into cooler, more nutrient-rich waters. From an oceanographic perspective, the large seasonal variations in organismal abundances observed here emphasize the importance of time-series sampling for understanding phytoplankton distributions. Importantly, these two Mamiellophyceae genera contributed significantly to total eukaryotic phytoplankton counts in the marine ecosystems studied, including the open ocean. Thus, while amplicon sequencing is powerful for investigating diversity and distributions, this study reinforces the importance of using absolute quantification methods to establish organismal abundance patterns. Our findings suggest that the longterm trajectories of the different Bathycoccus clades studied here, and the two Ostreococcus, will differ as surface temperatures and stratification patterns shift under future ocean conditions.
Experimental procedures
Sample collection
Samples were collected from temperate to tropical regions on multiple cruises (Table 1 ). The entire dataset had 259 samples, including 78 from station ALOHA in the North Pacific Subtropical Gyre and 22 from the Monterey Bay Time-series (MBTS) station M1. Niskin bottles affixed to a Conductivity, Temperature and Depth (CTD) rosette sampler were used to collect seawater (Sea-Bird Electronics, Bellevue, WA, USA). NO 4 , Si(OH) 4 of which generally 500 to 2000 mL were filtered for DNA samples (details are provided in the Supporting Information). Chlorophyll a and nutrient samples were collected and analysed according to previously described procedures (Pennington and Chavez, 2000; Santoro et al., 2013) . For 190 of the 259 DNA samples, flow cytometry samples were preserved and analysed on an InFlux as described in (Cuvelier et al., 2010) . These samples were run at 25 ml min 21 and weighed to establish the volume run. Additional
Station ALOHA metadata and methods are available at http:// hahana.soest.hawaii.edu/hot/hot-dogs/.
Culturing, estimating flow cytometry error and electron microscopy Bathycoccus prasinos CCMP1898 and O. lucimarinus CCMP2972 were acquired from National Center for Marine Algae and Microbiota (East Boothbay, ME, USA). Bathycoccus RCC715, RCC716 and O. sp. RCC809 were acquired from the Roscoff Culture Collection (Roscoff, France) and grown in semi-continuous batch cultures in L1 media (Guillard, 1975) at 218C with monitoring by flow cytometry on an Accuri C6. For DNA samples cultures were filtered onto 0.2 lm poresize Supor filters and flash frozen in liquid N 2 . For transmission electron microscopy (TEM) and quick-freeze deep-etch electron microscopy (QFDEEM), samples were prepared using published methods (Worden et al., 2004; Heuser, 2011) . Flow cytometry error rates were evaluated by diluting cultures of RCC716 and CCMP2972 to environmentally-relevant concentrations, fixing them as done for field samples and running them on the InFlux (as for field samples) on three independent days. The percent variation for cell counts ml 21 was 1.18% (Bathycoccus) and 1.65% (Ostreococcus). We also analysed a field sample on three independent days, rendering variations of 1.71% (Prochlorococcus), 0.96% (Synechococcus) and 2.86% (eukaryotic phytoplankton).
DNA extraction, clone libraries and quantitative real-time polymerase chain reaction
Methods for DNA extraction and clone library construction are provided in Supporting Information as are additional details of BI and BII primer-probe design and testing (Supporting Information Tables S2 and S3) . Briefly, for clone libraries, a general eukaryote reverse primer that anneals to a conserved region at the beginning of the 28S rRNA gene (ITS055R: 5 0 -CTCCTTGGTCCGTGTTTCAAGACGGG-3 0 ) (Marin et al., 1998) was used alongside a forward primer (MAM18S1F: 5 0 -CGAAAGGTCTRGGTAATCTCC-3 0 ) we designed to anneal to the 18S rRNA gene of Bathycoccus, Micromonas and Ostreococcus. This primer pair preferentially recovered the ITS1, 5.8S and ITS2 along with flanking 18S and 28S gene regions (partial) from these taxa and the sequences were deposited in GenBank under accessions KY368617-KY368638, KY382362-KY382383 and KY563774-KY563784 (Supporting Information Table S3 ).
Bathycoccus ITS1 primer-probe sets (Supporting Information Table S1 ) were designed to discriminate between the BI and BII clades (Fig. 1) and specificity was verified in tests against target and non-target strains (Supporting Information  Table S2 ). Samples were analysed on an Applied Biosystems Real Time PCR System (7500) and the reactions and standard curves were run as described for the Ostreococcus OI and OII 18S rRNA gene primer-probe sets (Demir-Hilton et al., 2011) , also detailed here in the Supporting Information. The BI, OI and OII assays used a probe concentration of 250 nM while the BII assay used 150 nM because it rendered higher amplification efficiency than these other primer-probe sets. Detection limits of the assays were 10 template copies well
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; numbers <10 but >0 were retained as 'detected but not quantifiable'. Inhibition was tested by spiking samples with 10 5 target template copies well
, resulting in dilutions between 1:20 and 1:200 to avoid inhibition, although 1:40 dilution was typically sufficient. rDNA copies per ml were computed by taking into account the volume of seawater filtered, template added and these various dilution factors. 18S rRNA gene counts for Ostreococcus clade OI and OII for cruises SJ0609, WFAD09 and the Kuroshio Front transect derive from prior publications which used the same methodology (Demir-Hilton et al., 2011; Simmons et al., 2016; Clayton et al., 2017) .
Phylogenetic analysis
Phylogenetic analyses utilized representative clone library sequences generated here and sequences from targeted metagenomes and GenBank. Forty-seven sequences covering the flanking partial 18S rRNA (148 bp), ITS1, 5.8S, ITS2 and flanking partial 28S (14 bp) were aligned using MAFFT Version 7 (Katoh and Standley, 2013) with default settings. Identical sequences from the same clone library were removed and a maximum likelihood reconstruction was performed using 664 nucleotide positions (10% gap tolerance) in MEGA6 (Tamura et al., 2013) . A general time reversible model with invariant sites and a gamma rate distribution (GTR 1 I1G) was used. Bootstrap percentages were calculated in RaxML (Stamatakis, 2014) and PhyML 3.1 (Guindon et al., 2010) from 1000 replicates.
Statistical analyses of qPCR and environmental data
As qPCR and environmental data failed tests for normality, non-parametric statistical tests were chosen to assess significant relationships. Matrices contained qPCR data, temperature, salinity, density (r T ), depth, NO and chlorophyll a, and were assembled with all samples as well as for individual transects and time-series studies to evaluate distinct regimes. Non-metric multidimensional Scaling (NMDS) analysis was performed on a dissimilarity matrix containing 213 samples and 6 variables (temperature, salinity, depth, NO 2 3 , PO 32 4 , N:P ratio). Data were z-scored to standardize units before using Euclidean distances to calculate the dissimilarity matrix. NMDS coordinates were used in a kmeans cluster analysis (based on square Euclidean distance, 50 replications) to divide samples into groups. Wilcoxon ranksum tests, Spearman's rank correlation tests, Kruskal-Wallis tests, Kolmogorov-Smirnov tests, Lilliefors tests, NMDS and k-means clustering were performed using MATLAB (The MathWorks Inc., Natick, MA, USA). Temperature and salinity distributions of Bathycoccus and Ostreococcus clades included samples where a clade was detected but not quantifiable (i.e., <10 rDNA copies well 21 ).
coding reflects three types of nucleotide changes present in multiple clones within clade BII, the same was not observed for BI clones. (c) In addition to differences noted in the main text for BII (based on TAM24; also present in RCC716, KY563784) the ITS2 universal Helix 1 of BI sequences (represented by B. prasinos CCMP1898) has a 10 nt loop composed of 5 0 -CUUUUAUUUU-3 0 from positions 2104-2113 in JX625115. (d) Close up comparison of the Bathycoccaceae family-specific additional ITS2 helix, located between universal Helices 3 and 4 (Marin and Melkonian, 2010) . Also note (not shown) that base pairs 13 and 19 of universal Helix 2 are G-C and C-G (base pairs 678-703 and 684-697, respectively in KY368638), instead of A-C and U-G (base pairs 2138-2159 and 2144-2153, respectively in JX625115). on y-axis. Ratios are plotted against depth on y-axis. Note that ecotype ratios are shown on a logarithmic scale and only data from samples where both Ostreococcus clades or both Bathycoccus clades were detected are included. Table of mean and standard deviation for various environmental parameters associated with each clade. Clusters 2 and 3 contained higher abundances of clades BI and OI than Cluster 1. The temperate, lower-nutrient group (Cluster 2) contained samples with temperatures of 14.9 6 3.08C from shallower photic-zones wherein the median depth for samples where at least one clade was detected was 10 m and N:P ratio was 2.6 6 3.0. Cluster 3, the temperate, higher-nutrient group (12.2 6 2.68C, median depth 40 m, 7.7 6 2.2 [N:P] for Cluster 3, p<0.01), had higher median abundances of all four ecotypes than Cluster 2. Abundance of Bathycoccus and Ostreococcus clades across the three environmental clusters were also compared by KruskalWallace tests with Dunn's post hoc tests. No clade showed a significant difference in abundance between Clusters 2 and 3 using this statistical test. However, BI and OI abundances were significantly (p<0.01) lower in Cluster 1 than in Clusters 2 and 3. Moreover, clades BII and OII were significantly higher in Cluster 1 compared to the other clades. Table S1 . Results from environmental clone libraries targeting Mamiellophyceae and cultured strains. Table 2 . Primer and probe nucleotide sequences for qPCR assays developed to quantify Bathycoccus clades BI and BII. Table S3 . Specificity tests of qPCR assays targeting Bathycoccus clades using genetic material derived from cultures or environmental clones. C -DNA sourced from cultured strains; E -environmental clone ITS sequences; Ydetected by qPCR; UN -undetected. AFD, cultured isolates of the BII clade that awaits formal description as a new species. Table S4 . Mean and standard deviation of environmental parameters at Station ALOHA in samples where both Bathycoccus BII and Ostreococcus OII were detected, and where neither genus was observed. Table S5 . Spearman's rank correlation coefficient (q) between ecotype qPCR abundances and environmental parameters. * indicates correlation not significant (q >0.01). Table S6 . Abundance of Prochlorococcus and Synechococcus in the same regions as for Table 2 . *Note that 25 m above the DCM at Station ALOHA Prochlorococcus was always more than twice as abundant (150 856 6 30 644 annual average) than at the DCM. Latitudes for samples used in these averages are between 68N and 378N. Table compiling qPCR results and metadata of the 259 samples examined in this study.
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